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Abstract 
Deep saline aquifers are amongst the most promising emplacements for CO2 storing, since theoretically these structures offer 
the highest value in terms of capacity, the risk associated with the exploration of these potential sites is greater than that for 
already investigated depleted oil or gas fields. 
In such cases, it is likely that multicriteria algorithms can facilitate the evaluation of the best alternative under consideration 
and the results from this process will, therefore, help the decision-maker in decreasing the risk associated with the exploration of 
these potential emplacements. 
Site selection phase comprises the identification, characterization and selection of emplacements which could be suitable for 
CCS among a list of candidates. In this article we propose a methodology based on (i) data recompilation and (ii) mathematical 
algorithm to define criteria and to hierarchy all of them in a quantitative methodology. 
Multicriteria decision tool could complement the collection of data: It is necessary to evaluate and to hierarchy each region or 
area, in order to improve the economic and technical efforts into CO2 storage characterization. To make it possible, both 
technical and socio-economic criteria should be defined and weighted through a criteria ranking process. 
In order to help decision maker mathematical algorithm and hierarchy process has been implemented in software: 
CO2SITEASSESS is a program based on Visual Basic. It connects with a Data Base (CO2 sources and storage alternatives), and 
it allows to compare different areas and structures, in order to hierarchy them or to compare with other projects (it easily might be 
used to standardize the site selection phase). Results can be implemented in a Geographical Information System, and it allows to 
geo-reference the alternatives. 
This tool has been used to evaluate different areas in Spain: The Guadalquivir basin in southern Spain. Five structures were 
defined, and the results showed that the methodology is useful to compare different alternatives, and the software may describe 
the criteria which need more accuracy (lack of data). In this case, the software helps project manager to define the 
characterization activities, in order to focus on those parameters which needs to be explored 
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1. Introduction 
The continuous increases of the Greenhouse Gases Emissions (GHG) [1] is been related with the Global Warming 
and weather disasters. In spite of that, European Commission has recently presented an ambitious strategy to 
decrease GHG by 2030 [1] [2] [3], [4], and is leading a new Worldwide agreement to control and reduce 
anthropogenic GHG. 
But Global Warming is a complex issue: countries should act as a whole, and the agreement to decrease fossil 
fuel as primary energy is the principal discussion. Development countries aims to use these sources as this is the 
cheapest way to obtain energy, whereas developed countries considers renewable energy as the next and sustainable 
energy. Meanwhile, International Energy Outlooks estimate a continuous use of fossil fuels as primary energy by 
2035 and over [5], [6]. 
Even if there are many routes to decrease GHG emissions from anthropogenic activities, Carbon Capture and 
Storage (CCS) is one of the most promising technology to significantly reduce the CO2 emissions from industrial 
activities: steel and cement factories, power station and others industries [7], [8]. 
Even if Capture of CO2 is a complex issue in order to develop a feasible technology, it will be necessary regional 
solutions to store CO2 in a health, safe and environmental conditions. Depleted oil and gas fields, deep saline 
aquifers and non-mineable coal beds fulfil the special requirements for CO2 storage and have become global 
references to develop this industry. Depleted oil or gas fields have been well researched due to the associated 
industrial and economic value of these emplacements. While deep saline aquifers are among the most promising 
emplacements, since theoretically these structures offer the highest value in terms of capacity, the risk associated 
with the exploration of these potential sites is greater than that for already investigated depleted oil or gas fields. In 
such cases, it is likely that multicriteria algorithms can facilitate evaluation to find the best option under 
consideration, so the results of this process will help the decision-maker to decrease the risk associated with the 
exploration of these potential emplacements. 
2. Site selection methodology 
In general, most of the areas which could be suitable for storing CO2 are not well explored geologically. As a 
result, further exploration of the subsurface must be carried out, which implies higher cost and risks. In order to 
reduce the risk of failure, it is necessary to define a previous phase, which should be based on (1) data collection, 
and (2) the definition of a criterion and multicriteria decision tool, which should be based on a criteria definition and 
mathematical algorithm. 
2.1. Site criteria definition 
The process to describe site selection criteria should be based on two different aspects which should make 
feasible any potential alternative under development: technical and socio-economical point of view should be 
considered as a major criterion. 
 Technical criteria. These criteria relate to scientific aspects or parameters to provide confidence in the findings 
about the subsurface structure. Deep subsurface exploration implies higher risk because the exploration 
techniques available are expensive and the probability of success is not high. In order to reduce the technical risk, 
it is necessary to define those criteria relevant for considering every critical issue. 
 Socioeconomic criteria. These criteria include both economic aspects and parameters related to the social 
acceptance of the emplacement and its activity. 
As it is shown on Figure 1, main criteria are described in different sub-criteria until measurable and quantitative 
criteria. Those measurable criteria may define different scientific measures which may be translate or evaluated in a 
mathematical scale (or AHP scale). 
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Figure 1. Analytical Hierarchy Process: criterion tree proposed to identify the best site for storing CO2. 
Weight assessment has been defined considering the AHP method: each level of the criteria and sub-criteria has 
been compared, using a comparison matrix, which should be constructed considering the consistency principle (it 
should fulfill the transitivity and reciprocity rules). 
In order to “recover” or find the vector of weights, [w1, w2, w3, ..., wn] given to these ratios, the matrix product 
of matrix A with the vector w can be calculated and considered in an equation, which is described as the eigenvalue 
matrix equation. The problem of obtaining a nonzero solution to this set of equations is very common in engineering 
and physics and is known as an eigenvalue problem. 
          (1) 
Where [A] is the pairwise comparison matrix – where n Is the dimension – and [W] is the weight matrix 
(eigenvalues) for every criterion. 
Site (Sn) assessment is evaluated using the formula: 
           (2) 
Where Wi are the weights of each criterion, and Vi are the values assigned for the specific conditions of each site. 
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For this study, we consider the AHP algorithm in absolute mode. It requires a standard model to compare 
different alternatives. The process leads to absolute preservation in the rank of the alternatives no matter how many 
are introduced. In this case, it is possible to define a standard considering the best values for each criterion. 
Figure 2. Example of the definition of the AHP, absolute mode: each measurable criteria have to be ranged (scientific scale) and the AHP 
provides an scale (AHP scale) to translate this scientific scale. 
2.2. Multicriteria decision making (MCDM) 
Multiple criteria decision making (MCDM) is a methodology developed for making decisions in the presence of 
multiple, usually conflicting, criteria. Evaluation methods and multicriteria decisions include the selection of a set of 
feasible alternatives, the simultaneous optimization of several objective functions, and a decision-making process 
and evaluation procedures that must be rational and consistent. The application of a mathematical model of decision-
making will help to find the best solution, establishing the mechanisms to facilitate the management of information 
generated by the various disciplines of knowledge. 
Assessment methods and criteria decision include selection among a set of feasible alternatives, optimization with 
various objective functions simultaneously, a decision-maker and rational and consistent procedures for assessment. 
Its principles are derived from matrix theory, graph theory, organizational theory, measurement theory, theory of 
collective decisions, operations research and economics. 
The main evaluation methods are: linear weighting (scoring), multi-attribute utility (MAUT), overcoming 
relationships and hierarchical analysis (AHP). 
AHP is one of the most extensively used and powerful MCDM. Nowadays it is used by many companies in 
solving various multicriteria problems, ranking these in the following categories: selection, prioritization and 
assessment, provision of resources against a standard assessment, management and quality management and 
strategic planning. For example, AHP has been applied in the analysis of location, resource allocation, outsourcing, 
evaluation, manufacturing, marketing, supplier selection, finance, energy, education and risk analysis, [9]. This 
widespread use shows the suitability of AHP in solving various types of business decision-making problems. 
Recently, Multicriteria Decision Analysis has been applied to hierarchy policy incentives for CCS [10] or to assess 
the role of CCS [11]. 
AHP algorithm has been applied in an absolute mode. It requires a standard definition of each measurable 
criterion, in order to compare the alternatives. The process leads to absolute preservation in the rank of the 
alternatives no matter how many are introduced. In this case, it is possible to define a standard considering the best 
values for each criterion. 
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2.3. CO2SITEASSESS software 
In order to manage the huge amount of technical information and different weight definitions of each criterion, a 
specific program has been developed: CO2SITEASSESS. This software has been developed in VISUAL BASIC© 
(easy in terms of programming and speed in obtaining results, robust integration with Data Base, allowing operations 
in read/write formats). It includes the AHP algorithm (weights and values), so its interaction with the end-user is 
easy. Many of the technical and socioeconomic parameters can be represented in a Geographical Information System 
(GIS), so the CO2SITEASSESS results also generate a file which allows representing the results and CO2 site 
storage assessment. 
It is possible to differentiate two different databases: the first one comprises the CO2 emitters and its data 
(location, CO2 emission, primary energy, date of commissioning, and others), whereas the second database includes 
the CO2 storage location. Data to be included in this form should be the technical and socioeconomic criteria 
previously described, and the tool can compare the alternatives using the AHP algorithm and decision tree described 
in this paper. 
The results classify each area into five levels: optimal, good, normal, poor and very poor. These values will help 
decision makers to evaluate which areas are the best considered and if it is reliable to go to the next stage. 
This tool is useful to compare many structures – even if there are many alternatives – and since the algorithm 
implemented in its code is based on AHP absolute mode, it is possible to compare more than seven alternatives. 
3. Case of study: Guadalquivir basin 
The Guadalquivir basin in southern Spain is an ENE–WSW elongated foreland basin developed during the 
Neogene and Quaternary between the external zones of the Betic Cordillera to the south and Sierra Morena (Iberian 
Massif) to the north, which respectively forms its active and passive margins. The external zones of the Betic 
Foldchain are made up of Mesozoic and Cenozoic sediments that include thick calcareous and evaporitic formations, 
as well as siliciclastic units. The area under evaluation was considered in the Geocapacity project (supported by the 
European Commission) and the ALGECO2 project (supported by National Government). 
As many other alpine forelands, compressive deformation seems to have been established by following a classic 
model of piggy back or progressive tectonic propagation, from the early active Southern System’s Front to the 
Northern Passive Margin. 
 
 
 
 
 
 
 
Figure 3. Detail of selected structures, and figures taken from previous studies by the IGME (Geocapacity project). 
All the areas were previously defined by several hydrocarbon explorations: geophysical surveys and wells were 
considered: more than 10 wells were evaluated and hundreds of seismic studies were evaluated. Indeed, this region 
has active natural gas reservoirs – in two different turbidite systems. 
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According to previous stratigraphic, petrological and petrophysical data obtained from exploration wells, it is 
possible to define preferred targets; both caprock and storage formations. The data include seismic reflection and 
refraction profiles, well logs, gravity and field observations. 
Finally, structural definition was done based on the interpretation of the geophysical data in each area. These 
interpretations allow us to define specific structures and define the CO2 capacity of each structure. Well 
interpretation was used to identify storage and caprock properties. 
Some of the structures considered previously were not evaluated for different conditions (shallow storage 
formations, lack of data or low thickness of the storage formations); for this reason, only three areas were finally 
evaluated. 
 FUENSANTA-1 (Alternative A): Located in the basin’s internal prebetic portion (intermediate unit). As reservoir 
this study evaluated a carbonate rock belonging to Dogger – Lias, whereas a marls is considered as caprock. The 
anticlinal trap, from the data collected, is estimated to have a total area of 15 km2 of Structure A. The roof of the 
structure would be located at 1081 m. 
 GUADALQUIVIR H-1 (Alternative B): Located within the basin internal prebetic. It is possible to define As 
Dogger Oolitic carbonates as a storage reservoir, whereas the Malm marl may be considered as its caprock. The 
trap is defined as a folding anticlinal; considering the data collected it is estimated to have a total area of 26 km2. 
The roof of the store formation would be located at 1668 m. However, the target (corresponding to the Oolític 
Dogger Jabalcuz formation) has low porosity, between 2.25 and 4%. 
 NUEVA CARTEYA-1. Within the pre-betic terminal basin, the carbonate reservoir rock (Dogger oolitic) was 
evaluated. Malm marls are considered to be caprock. The trap is an anticline, with a total area of 30 km2 and 
estimated thickness of 160 m. The roof would be located at a depth of 1240 m. 
 
  
 Bernardo Llamas and Angel Cámara /  Energy Procedia  63 ( 2014 )  4977 – 4986 4983
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Detailed description of the three structures under evaluation: Fuensanta-1 (A), Guadalquivir H-1 (B) and Nueva Carteya-1 (C). 
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The area was explored during the twentieth century, so there is enough information to build a GIS and to define 
some of the structures (conceptual or static model). There are industrial CO2 sources a short distance away and the 
quality of the flue gases is sufficient. Some of the emitters are biomass power stations, but close to this region it 
might be possible to identify a larger emitter (Puente Nuevo power plant, close to Córdoba). 
There are towns and cities close to each structure, but the topography can be considered favorable, and there are 
no environmentally protected areas close to the structures under evaluation. 
4. Results 
Data used to define each measurable criterion comes from previous studies: Oil&Gas explorations, Hydrology 
studies, outcrops analysis, etc. All the structures under evaluation were previously studied as potential Natural Gas 
structures. It means that the values for each criteria are rather accuracy and reliable. 
Figure 5 represents the values assigned for each technical-criterion; those values will be different for each 
alternative; those values (Vi of the equation 2) will be used (equation 2) to assess the final value of each alternative. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Technical criteria evaluation for Nueva Carteya structure (C alternative) 
Once the values for each criterion are assigned, it is possible to obtain a final results and hierarchy of the different 
alternatives under assessment. In addition, social aspects should also be evaluated, but in this case (all the three 
structures are in the same area) values for each socio-economical criteria have the same value for all the alternatives. 
Table 1 shows final evaluation for all the alternatives under evaluation in this study. The most suitable structure is 
Nueva Carteya, but its final score gives a normal value in comparison with the standard defined in the 
CO2SITEASSESS tool. And this score is not enough to continue to the next step: characterization phase. 
 Bernardo Llamas and Angel Cámara /  Energy Procedia  63 ( 2014 )  4977 – 4986 4985
Table 1. Results obtained for the three structures under evaluation. Results were obtained using CO2SITEASSESS software. 
ID BASIN Alternative/Structure VALUE NOTE 
3 Guadalquivir Fuensanta de Martos 1 POOR 
4 Guadalquivir Guadalquivir H1 6.33 NORMAL 
5 Guadalquivir Nueva Carteya 6.54 NORMAL 
 
5. Conclusions 
Site selection for storing CO2 is a complex issue, especially when deep saline aquifers are under assessment. 
These geological structures used to be poorly characterized and the risk of unsuccessful geology exploration is high. 
For this reason, the Multicriteria Decision Tool can be used to evaluate related technical and socioeconomic data on 
different alternatives under consideration. 
A multicriteria algorithm has been demonstrate as an objective way to evaluate different alternatives. In this case, 
Analytical Hierarchy Processes (AHP) has been selected as the most suitable algorithm to select the most suitable 
area in an objective way. Therefore, its use will decrease the risk associated with the site selection phase, and it will 
easily show the strengths and weaknesses of the information or characteristics of the alternatives under study. 
Furthermore, it can help increase social acceptance by stakeholders. 
Informatics and Communications Technologies (ICT) has been used in order to help decision makers. Innovative 
software has been developed and validated (CO2SITEASSESS), using some defined areas in Spain; at regional and 
local scales. This software also allows obtaining georeferenced data; and the combination of both uses (Geographical 
Information Systems data and AHP algorithm) has never before been applied to select areas to store CO2. This 
combination has some advantages: 
 Results obtained are using a multicriteria algorithm (Analytical Hierarchy Processes) which has been used in 
different decisions. 
 Results are objective – all the alternatives are compared with a defined standard (absolute measurements). 
 Results can be represented in a Geographical Information System, so the data can be referenced on a map, 
helping to make decisions. 
 CO2SITEASSESS easily allows the evaluation of every alternatives – and it might be possible to consider 
different stakeholders which will consider different weights for each criteria. 
 CO2SITEASSESS saves a lot of time in decision-making, and generates a range of information useful for taking 
decisions. 
 CO2SITEASSESS will evaluate the provided data of each alternative. For this reason, it helps to identify 
weakness and strengthens of every alternative/structure under evaluation. It will be useful to define the next step 
in the CO2 storage project: characterization of the structure (geophysics tools and boreholes). 
The results obtained in the High Guadalquivir Basin suggest that this area is not suitable for CO2 storage on an 
industrial scale, but some of the structures considered in this chapter could be useful for pilot scale. 
Nevertheless, the CO2SITEASSES methodology has been demonstrated robust and consistent to identify the best 
alternative under evaluation, and it reduces the inherent risk associated with geological explorations. 
The AHP is applied in this study in an absolute mode, so it allows the assessment of limitless alternatives. For 
instance, this method and software can be useful as a standard in different regions (i.e., Spain or Europe). 
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